[1] In the summers of 2001 and 2002, particle formation and growth were observed at a forest ecosystem research site in the ''Fichtelgebirge'' mountain range in NE Bavaria, Germany. Atmospheric nucleation events, identified through detailed analysis of the time evolution of submicron particle size distributions, differed considerably from nonevent days with respect to ultrafine particle concentrations and meteorological parameters. Particle diameter growth rates, as quantified through the geometric mean diameter development of the 3-60 nm particle fraction, ranged from 2.2 to 5.7 nm h À1 . While H 2 SO 4 concentrations typically explained less than 10% of the observed growth rates, a significant fraction of particle growth may be explained through condensation of organic vapors from a-pinene oxidation. On several days, cocondensation of H 2 SO 4 and a-pinene oxidation products was sufficient to fully explain the observed growth dynamics. While BVOC emissions from the tree vegetation may contribute to particle formation, the forest also acts as an effective sink for particles. This is reflected in the dominance of particle deposition to the forest over emission, with the strongest deposition fluxes occurring during particle formation events.
Introduction
[2] Aerosol particles are in the focus of current atmospheric research activities due to their relevance for the radiation budget, due to their chemical reactivity, and for hygienic issues, amongst others. While many mechanisms of direct particle emission into the atmosphere are well understood, the secondary formation of particulate matter in the atmosphere through gas-to-particle conversion processes still has to be elucidated. Chemical species occurring in both the condensed and gaseous forms are distributed between the gas and particle phases according to their thermodynamical equilibrium [e.g., Wexler and Seinfeld, 1990] . Deviations from this equilibrium may occur as a result of chemical reactions or temperature variations, leading to supersaturation with respect to the saturation pressure of the considered vapor. The equilibrium is reestablished through gas-to-particle conversion of the compound by (1) homogeneous nucleation resulting in formation of new particles, or (2) heterogeneous nucleation, i.e., condensation of low-volatile vapors on existing particle surfaces [e.g., Seinfeld and Pandis, 1998; Friedlander, 2000] . Generally, condensation will be thermodynamically favored over homogeneous nucleation, however, under certain conditions, homogeneous nucleation may become an important process in the atmosphere.
[3] Globally, homogeneous nucleation of sulfuric acid is the most important source of new atmospheric particles through homogenous nucleation and formation of thermodynamically stable sulfate clusters . H 2 SO 4 is formed within the atmosphere by oxidation of SO 2 on various pathways and transferred almost completely to the particle phase. Theoretical calculations of homogeneous H 2 SO 4 nucleation in the binary H 2 SO 4 -H 2 O system are not consistent with observations in the lower troposphere [Weber et al., 1998 ]. Ternary nucleation theory in the H 2 SO 4 -H 2 O-NH 3 system yields much better agreement with observations [Korhonen et al., 1999] .
[4] In addition to sulfuric acid, a myriad of low-volatile organic compounds exists in the atmosphere, e.g., various oxidation products of reactive hydrocarbons. In forested areas, organic compounds are emitted in large quantities by the vegetation, e.g., isoprene, monoterpenes and sesquiterpenes. More than 40 years ago, Went [1960] noted the relevance of biogenically emitted monoterpenes for atmospheric particle formation. Meanwhile, the formation of low-volatile products from monoterpene oxidation has been demonstrated in many laboratory experiments [e.g., Hoffmann et al., 1997; Calogirou et al., 1999] , and also in field experiments [e.g., Kavouras et al., 1998 ]. Global estimates of secondary particle formation from biogenic precursor gases, though highly variable, are on the order of 18.5 Tg a À1 [Griffin et al., 1999a] . It is our goal to contribute to the quantitative understanding of these processes through experimental field campaigns. In the summers of 2001 and 2002 , two large field experiments were carried out in the framework of the BEWA2000 joint project of the German atmospheric research program AFO2000 to study emissions of reactive organic compounds from forest stands. Particular attention was given to vertical turbulent fluxes of trace gases and particles as well as interactions between the gas and particle phases.
[5] For a coniferous forest such as the site studied in this work, homogeneous nucleation of H 2 SO 4 and formation of thermodynamically stable clusters may be considered as the initial phase of particle formation [Kulmala et al., 2004a] . Even small amounts of NH 3 -such as the typical background of $1 ppb NH 3 at the observation site -are expected to promote the nucleation tendency of H 2 SO 4 [e.g., Ball et al., 1999] . The sulfate clusters are activated through condensation of low-volatile organic compounds leading to nucleation particles of several nm in diameter. For nucleation particles with diameters larger than 3 nm, commercial instruments are available to study the time evolution of the particle concentration and size distribution, and thus the growth dynamics of the particle population.
[6] We present observations of particle formation events and subsequent growth of the nucleation particles above a Norway spruce forest in central Europe. Meteorological and air chemistry conditions during formation events will be compared to ''nonevent'' situations in order to reveal favorable conditions for homogeneous nucleation. The growth dynamics of the nucleation particles will be quantified and analyzed in detail, and the potential contributions of sulfuric acid and oxidation products of biogenic volatile organic compounds (BVOC) to particle growth will be estimated and evaluated. Finally, we discuss the consequences of the observed dynamics on the emission and deposition fluxes of particles between the vegetation and the atmospheric boundary layer.
Methods
[7] During the BEWA field campaigns 2001 and 2002, the turbulent exchange, formation and growth of atmospheric aerosol particles was studied at the ''Waldstein'' ecosystem research site [Matzner, 2004] Environment, 2004) . With an abundance of 93%, Norway spruce is the dominating tree species at this forest site (50°09 0 N, 11°52 0 E, 776 m asl).
[8] Particle size distributions were continuously measured using a twin differential mobility particle sizer (TDMPS) [Birmili et al., 1999] with a time resolution of 15 -20 min. The setup consisting of two Vienna-type differential mobility analyzers (DMA) for size separation and two condensation particle counters (CPC 3010 and UCPC 3025, TSI Inc., St. Paul, MN, USA) for particle counting covered a size range from 3 to 900 nm diameter in July 2001 and 3 -800 nm in July 2002 with 40 size bins, respectively. The mobility distribution was inverted to obtain the particle size distribution applying the bipolar charge distribution, DMA transfer functions, and CPC detection efficiency curves. Ambient air was sampled at 16.7 l min À1 through a PM10 inlet mounted at 22 m agl on a 30 m scaffolding tower. The particle sample was introduced into the ground-based DMPS system through 28.5 m of 19.05 mm OD stainless steel tubing at relative humidities below 10%. In order to reconstruct the particle size distribution at ambient relative humidities, an empirical hygroscopic growth model was applied. In this procedure, ''wet'' particle sizes were related to ''dry'' particle sizes and ambient relative humidity. Growth factors were determined according to W. Birmili et al. (manuscript in preparation, 2004 ) using a power law relationship with a sigmoidal function of the particle diameter included in the exponent.
[9] Turbulent particle number fluxes were directly measured employing an eddy covariance system set up 22 m agl at the SE corner of the 30 m tower. The EC system combined a Young Model 81000 ultrasonic anemometer (R. M. Young, Traverse City, MI, USA) and two condensation particle counters (CPC 3760A and UCPC 3025, TSI Inc., St. Paul, MN, USA) with data acquisition operating at 10 Hz. Further details of this system are given elsewhere (A. Held and O. Klemm, Direct measurement of turbulent particle exchange between a coniferous forest and the atmosphere, submitted to Atmospheric Environment, 2004, hereinafter referred to as Held and Klemm, submitted manuscript, 2004) .
Particle Dynamics Analysis Tools
[10] After particles have been formed through homogeneous nucleation, these so-called nucleation mode particles grow rapidly through coagulation and condensation processes. Coagulation of nucleation mode particles is highly efficient with larger accumulation mode particles incorporating ultrafine particles and thus removing them from the nucleation mode [Seinfeld and Pandis, 1998 ]. Condensation of low volatile vapors, on the other hand, leads to continuous growth of nucleation mode particles and to a decreasing coagulation rate. The growth rate of newly formed particles through this process was determined by tracking the geometric mean diameter of the nucleation mode. Each individual particle size distribution was parameterized by superposition of up to five lognormal distribution functions representing distinct particle modes using a least squares fitting algorithm [Birmili et al., 2001] . From the three modal parameters describing the lognormal functions, the geometric mean diameter, D p , in the size range from 3 to 60 nm was used to deduce the particle growth rate during nucleation events. For larger particles, condensation slows down due to diffusional limitation [Raes et al., 2000] .
[11] Figure 1a shows a typical nucleation event which exhibits a characteristic ''banana-shaped'' evolution of the particle size distribution (PSD). In order to evaluate growth processes of the newly formed particles from the PSD evolution, stationary conditions of the processes involved have to be assumed. Then, the observed PSD evolution can be described as a quasi-stationary process. For a continuous PSD development as displayed in Figure 1a after 08:15 CET, the stationarity assumption may be considered to be satisfied ]. The corresponding geometric mean diameter in the size range from 3 to 60 nm is displayed in the lower panel (Figure 1b) . From midnight to 07:00 CET, a stable Aitken mode with a geometric mean diameter around 50 nm can be observed. At 08:15 CET, a steep drop of the geometric mean diameter to 6.7 nm indicates the sudden occurrence of nucleation mode particles. These particles originate from the formation of new particles in the atmosphere through gas-to-particle conversion processes. They continue to grow with a remarkably constant growth rate until noon indicated by the linear slope of the geometric mean diameter. This constant growth rate, dD/dt can be determined from Figure 1b by linear regression. In this example, the slope dD/dt is 4.3 nm h
À1
. Such a remarkably linear growth has already been observed in several regional nucleation events [Kulmala et al., 2004b] . Also, from theoretical considerations of mass transfer in the kinetic regime, a constant condensational growth rate indicates almost constant concentrations of the condensing vapor(s). Kulmala et al.
[2001] relate the concentration of the condensing vapor z, c z , and the radius growth rate, dr/dt, by .
[12] The assumption of a constant vapor concentration can also be used to estimate the actual concentration of the condensing vapor from precursor concentrations. In the quasi steady state case, the production and loss rates of the condensing vapor, P and L, are equal, i.e., P = L.
[13] The production rate of the condensing vapor may be estimated if the precursor concentrations and the appropriate reaction constants are available. In cases without direct measurements, precursor concentrations were taken from the one-dimensional canopy chemistry model CACHE (R. Forkel et al., Modelling of trace gas exchange process and gas phase chemistry for a Norway spruce forest with the coupled 1-D Canopy-Chemistry-Emission-Model CACHE, submitted to Atmospheric Environment, 2004) using the RACM chemistry mechanism [Stockwell et al., 1997] .
[14] For sulfuric acid, the production rate P SA has been estimated by [15] The oxidation of biogenic volatile organic compounds leads to a large variety of low volatile products. In this study at a Norway spruce stand, the oxidation of monoterpenes by O 3 , OH, and NO 3 may be considered the most important production pathway of condensable organic vapors with a-pinene being a main component of the isoprenoid emission. Thus the oxidation of a-pinene leading to pinon aldehyde as the main product has been evaluated. In Table 1 , the reaction constants of a-pinene with O 3 , OH and NO 3 and the approximate fractions of each pathway are summarized.
[16] The total production rate of a-pinene oxidation is the sum of the three pathway production rates. However, only a fraction of the oxidation products is transferred to the particle phase. Therefore the total production rate has to be multiplied with a reasonable aerosol yield factor. In the case of a-pinene oxidation, an aerosol yield of 2% to 15% may be regarded as realistic depending on various factors such as temperature and organic aerosol mass [Odum et al., 1996; Hoffmann et al., 1997; Griffin et al., 1999b; Kamens , 1999] . With regard to organic aerosol mass measurements at the site typically below 5 mg m À3 , yields to the lower end of this range may be expected.
[17] The ozone mixing ratio was continuously measured (ML 8810M, Monitor Labs, USA) during the field experiments. Also, atmospheric concentrations and fluxes of a-pinene were measured [Steinbrecher et al., 2004] . Atmospheric concentrations of OH and NO 3 were taken from the CACHE model to estimate the oxidation rate of a-pinene with the above line of reasoning.
[18] The loss rate L of the condensing vapor can be estimated from L z = c z Á CondS z , the product of the vapor concentration and the condensation sink CondS [Pirjola et al., 1999] , a measure of the vapor's tendency to condense on the existing particle surface:
with D z , molecular diffusivity of vapor z [m 2 s À1 ], b j , mass transfer correction factor according to Fuchs and Sutugin [1970] for size bin j (dimensionless), r j , particle radius in size bin j [m] , and N j , particle number concentration in size bin j [m
À3
]. CondS z may be calculated for any vapor z from the particle size distribution measurements.
[19] Therefore, if the vapor production rate P z and CondS z is known, with P z = L z = c z Á CondS z , the constant concentration of vapor z can be determined from
with Y, aerosol yield from a-pinene oxidation, f x , fraction of oxidation pathway with x = O 3 , OH, NO 3 (see Table 1 ), k x , reaction constants of oxidation with x = O 3 , OH, NO 3 (see Table 1 (2)).
Identification of Nucleation Events
[20] Before analyzing particle dynamics during nucleation events, it is important to select the appropriate tools to identify and evaluate nucleation events from particle size distribution measurements. Formation of thermodynamically stable clusters during homogenous nucleation leads to ultrafine particles growing to detectable sizes. Thus elevated concentrations of ultrafine particles can be considered as a characteristic indicator for nucleation events. In many cases, the ultrafine particle fraction (e.g., 3 -20 nm ;) of the total population is an excellent parameter to identify nucleation events.
[21] Another important feature of nucleation events is the characteristic ''banana-shaped'' evolution of the particle size distribution due to condensation and coagulation processes as displayed in Figure 1a . The ''nucleation banana'' clearly indicates regional production of particulate matter.
Results and Discussion

Atmospheric Conditions Favoring Nucleation Events
[22] Supersaturated vapors may be transferred to the particulate phase through homogeneous or heterogeneous nucleation. In most cases, condensation is thermodynamically favored over homogeneous nucleation, depending on the degree of supersaturation, the existing particle surface (condensation sink), and meteorological parameters such as shortwave irradiation and atmospheric water content. In Finland, relatively low condensation sinks were observed during nucleation events [e.g., Nilsson et al., 2001] . In contrast, Birmili and Wiedensohler [2000] found rather large particle surfaces on nucleation days compared to nonevent days.
[23] In the atmosphere, oxidants such as ozone or the OH radical participate in many chemical reactions leading to condensable vapors. The budgets of these important oxidants are controlled by photochemical mechanisms and thus dependent on shortwave irradiation. Boy and Kulmala [2002] found a good correlation of nucleation events and the irradiance in the 320-400 nm wave band (UV-A).
[24] High water vapor concentrations reduce particle formation from monoterpene oxidation products. Bonn et al. [2002] proposed competition of water molecules and organic intermediates thus reducing the formation of potentially condensable organic vapors. Also, in field experiments, Boy and Kulmala [2002] observed relatively low atmospheric water contents on nucleation days.
[25] Meteorological parameters such as shortwave irradiation, absolute water vapor concentration and ambient temperature can be lumped together to obtain a meteorological nucleation parameter [Boy and Kulmala, 2002] . In contrast to the formulation of Boy and Kulmala [2002] using the UV-A radiation flux, we included the photolysis frequency of NO 2 , J(NO 2 ), i.e., a measure of the shortwave irradiation from 300 to 380 nm which is a good approximation of the UV-A wave band. Thus a nucleation parameter np was defined as [26] Table 2 gives an overview of atmospheric conditions for the observed nucleation events. Within 45 days of DMPS operation during the BEWA campaigns, 13 days were identified indicating nucleation events of varying intensity. Start and end times of the events were determined by tracking the ratio of ultrafine particle concentration (3 -20 nm ;) and total particle concentration. On event days, the [UFP]/[Total] ratio typically jumped from a constant level below 0.25 over this threshold value (start time), remained on a relatively constant high level and began a continuous decrease after the event (end time). Classification of events is based on a subjective interpretation of the particle size distribution evolution with ''+'' indicating weak nucleation patterns, ''++'' an intermediate event type, and ''+++'' events exhibiting a pronounced banana-shaped development over several hours.
[27] During most nucleation events, S to E winds prevailed. Together with a linear particle growth behavior this indicates regional particle formation and growth processes. Extended forested areas with vegetative and topographic conditions similar to the measuring site are situated to the S and SE. In particular, relatively uniform conditions of biogenic emission of volatile organic compounds can be expected upwind. Some of these species may be oxidized while traveling from the emission source to the measuring site and these oxidation products may contribute to particle formation. During all nucleation events, maximum particle concentrations in the nucleation mode are found well above 3 nm ;. A freshly formed particle population, in contrast, should exhibit the highest concentrations at the smallest particle sizes (i.e., 3 nm) because the concentration of larger particles decreases due to self-coagulation and coagulation processes. Therefore we suggest that the measurements are dominated by particles which have already grown for a while, e.g., during their transport to the measuring site.
[28] On July 12, 2001, a nucleation event was observed under SW wind conditions. This event not only exhibited an unusual wind direction, but also the lowest condensation sink and the highest nucleation parameter (equation (4)) of all events. Thus excellent meteorological conditions for homogeneous nucleation and subsequent condensational growth (see Table 3 ) can be expected. However, low SO 2 mixing ratios (and thus H 2 SO 4 concentrations) are the likely reason for very low ultrafine particle concentrations and fractions on this day. In general, the maximum ultrafine particle concentration [UFP] is significantly higher on nucleation days compared to nonevent days with typical ultrafine particle numbers around 1000 cm À3 . Also, the UFP fraction during nucleation events is clearly larger than during nonevent situations. A comparison of the condensation sink of nucleation days and nonevent days shows no clear trend. A correlation of nucleation events and low condensation sink values as expected from studies in Finland could not be found in the BEWA campaigns. In fact, rather high condensation sinks during nucleation events are consistent with the results of Birmili and Wiedensohler [2000] , indicating the abundance of Here n is the number of data sets used in the linear regression; R 2 is the coefficient of determination. condensable vapor. Elevated nucleation parameter values during nucleation events show the applicability of np to identify meteorologically favorable conditions for particle nucleation. These include low relative humidity and high solar irradiation.
[29] Relevant meteorological and air chemistry parameters influencing the nucleation process are shown in Figure 2 . During the night and early morning of July 27, 2002, dense fog inhibits nucleation processes (continuous low particle concentrations) and keeps solar irradiation low. Around 09:00 CET, the fog layer dissipates and solar irradiation increases. However, nucleation processes were not observed before 13:30 CET when the wind direction changed from N to SE. This is the key meteorological trigger for the occurrence of nucleation particles, 3 nm < ; < 10 nm.
Observed Particle Diameter Growth Rates
[30] During the BEWA field campaigns, 10 nucleation events classified as ''++'' or ''+++'' (see Table 2 ) were observed. For nine of these events, particle growth rates could be evaluated through linear regression analysis of the geometric mean diameter of the ultrafine particle fraction as displayed in Figure 1b . The linear growth behavior during nucleation events is evident from the high correlation coefficients of the linear regression model.
[31] Table 3 shows the observed particle diameter growth rates, dD/dt, ranging from 2.2 to 5.7 nm h À1 . The corresponding coefficients of determination, R 2 , range from 0.75 to 0.96 using 12 to 33 data points for the linear regression analysis. In seven cases, R 2 is larger than 0.90 indicating the excellent applicability of the linear model.
Evaluation of H 2 SO 4 and Organic Vapor Contributions to Particle Growth
[32] Using equation (1), the observed particle growth rates of freshly nucleated particles may be related to theoretically expected concentrations of condensing vapors, and these concentrations were compared to ambient concentrations of condensable vapors. For sulfuric acid, a molecular mass M (H 2 SO 4 ) of 98 g mol À1 and a molecular diffusivity D (H 2 SO 4 ) of 0.752 Á 10 À5 m 2 s À1 was used. With pinon aldehyde as the main product of the a-pinene oxidation, the condensable organic vapor (COV) was assigned a molecular mass M (COV) of 168 g mol
À1
. The molecular diffusivity of the condensable organic vapor, D (COV), was approximated by use of Graham's law [Thibodeaux, 1996] . Particle density r was set to 1.3 g cm À3 taking into account the higher densities of inorganic compounds and the lower densities of organic compounds and water. Using these parameters and the precursor species as displayed in Table 4 , ambient concentrations of H 2 SO 4 and the a-pinene oxidation product were estimated as described in the ''Analysis Tools'' section. Then, the corresponding growth rates were calculated. For the comparison of theoretical and observed growth rates in Table 5 , the condensing fraction of the organic vapor, i.e., the aerosol mass yield from a-pinene oxidation, was assumed to be 5% as a conservative estimate.
[33] Apparently, the ambient H 2 SO 4 concentrations are too low to explain the observed particle growth behavior. On most days, less than 10% of the observed growth rates can be explained by condensation of H 2 SO 4 . Taking into account the cocondensation of water vapor during H 2 SO 4 condensation to maintain a molar ratio of H 2 SO 4 and H 2 O consistent with the gas phase ratio [Clement and Ford, 1999] , still only a small fraction of the condensational growth may be explained through this process. However, condensation of the a-pinene oxidation product contributes significantly to the observed particle growth. Even under the conservative assumption of a 5% mass yield, a large fraction of the observed growth can be explained.
[34] The exact contribution of condensable organic vapors to particle growth cannot be calculated due to the unknown aerosol mass yield of the various oxidation reactions of volatile organic compounds. However, with the above calculations it is possible to theoretically estimate the mass yield needed to fully explain the observed growth dynamics by cocondensation of H 2 SO 4 and a-pinene oxidation products. After subtracting the H 2 SO 4 contribution from the observed growth, the theoretical aerosol mass yield of the oxidation of a-pinene that is sufficient to yield the remaining condensational growth can be calculated from equations (1) and (3). Table 6 gives the range of theoretically needed mass yields for eight different events.
[35] With a plausible range of a-pinene oxidation mass yields up to 15%, it is possible to fully explain the observed particle growth by cocondensation of H 2 SO 4 and a-pinene oxidation products on half of the studied days. On all other days, additional condensable vapors have to be considered.
Discussion
[36] During the BEWA field campaigns, indications of particle formation were found on 13 of 45 measuring days. Thus particle formation may be considered a frequent process at the ''Waldstein'' forest site in summer consistent with studies at other sites [e.g., Birmili et al., 2003; Mäkelä et al., 2000] . Wind direction is a crucial meteorological parameter for observations of particle formation. The prevailing winds from S and E during formation events indicate an important impact of the extensive coniferous forests situated in the fetch area upwind of the site. Other meteorological parameters showed a consistent trend favoring formation events during dry conditions with intense radiation. However, no predictive capability could be derived from these parameters. Also, no clear correlation of nucleation events and low condensation sink values was found during BEWA.
[37] Remarkably constant growth rates of nucleation particles were observed and quantified objectively by means of linear regression analysis. This growth behavior indicates regional formation events occurring over a wide area [Kulmala et al., 2004b] , in this study over wide-stretched areas of coniferous forest. The observed particle growth rates ranging from 2.2 to 5.7 nm h À1 are consistent with typical growth rates found at different sites as summarized in Table 7 .
[38] From Table 7 a range of diameter growth rates from 1 to 10 nm h À1 may be assumed typical for most rural and urban areas. In contrast, growth rates up to 180 nm h À1 have been observed in coastal areas, while small growth rates around 0.1 nm h À1 have been found in remote polar regions.
[39] The quantification of the contribution of different species to condensational particle growth is limited by uncertainties of the H 2 SO 4 and organic vapor concentration estimates. Nevertheless, at least a semiquantitative comparison of the vapor contributions is feasible with the presented procedure. From the calculations it is evident that H 2 SO 4 is not sufficient to maintain the observed particle growth. In contrast, even with a conservative estimate for the aerosol yield the condensation of a-pinene oxidation products explains a considerable fraction of the particle growth rates. The relevance of organic vapor condensation is also supported by the fact that formation events were almost exclusively observed when the fetch was dominated by coniferous forests emitting reactive organic compounds. a-pinene oxidation products such as pinon aldehyde, pinonic acid, pinic acid, norpinic acid, and many other BVOC products were identified in the particle phase through chemical analysis of impactor samples (T. Gnauk et al., manuscript in preparation, 2004) . Given this result and the calculated estimates of their particle formation potential, we conclude that biogenic emissions of reactive organic compounds play a vital role in the process of particle growth at the site of this study.
[40] The particle formation process is not obvious in direct eddy covariance measurements of vertical particle number fluxes (Held and Klemm, submitted manuscript, 2004) . Turbulent particle fluxes from the atmosphere to the vegetation dominate at the site, and during particle formation events, the strongest particle deposition fluxes were observed. For example, on August 2, 2001, nucleation particles occurred around 07:30 CET and continued to grow to Aitken mode sizes over the day (Figure 3a) . The sudden occurrence of nucleation particles coincides with the onset of particle deposition reaching a maximum just before noon (Figure 3b) .
[41] These findings imply that if particles have been formed within the forest stand, i.e., below the measuring height of the eddy covariance system, they must have been emitted from the forest as particles smaller than the minimum particle diameter of 3 nm detectable by the ultrafine condensation particle counter. Another possibility is the emission of organic vapors from the forest stand contributing to the growth of TSC and particles above the forest stand. In both cases, nucleation particles are formed and after continued growth, particles larger than 3 nm may be detected by the flux system as depositing particles. This supports our findings that BVOC emissions from the forest lead to particle growth to detectable sizes on the time scale of hours. Theoretical particle deposition models [e.g., Slinn, 1982] predict high deposition velocities for nucleation particles. These high deposition velocities and the large number of nucleation particles during particle formation events are reflected in strong particle deposition events as displayed in Figure 3b .
Conclusions
[42] Particle formation events have been observed in 22% of the BEWA field experiment days indicating that nucleation and subsequent growth of particles may be considered a frequent phenomenon in the atmospheric boundary layer. Also, the particle growth dynamics are consistent with earlier studies supporting the assumption of a general nucleation mechanism which may be modeled to gain deeper insight into particle nucleation and growth dynamics [e.g., Lehtinen and Kulmala, 2003] .
[43] Several aspects of the BEWA field experiments revealed the relevance of BVOC emissions for particle formation in the atmosphere: (1) During particle formation events, S to E winds prevailed with extended areas of coniferous forest (and potentially high BVOC emissions) upwind of the measuring site, where particle formation and growth processes could occur on the time scale of hours.
(2) A comparison of theoretical and observed growth rates showed that condensation of organic vapors (with precursors being emitted from the forest) is very likely to maintain a large fraction of the observed particle growth. (3) Analysis of the particle chemical composition found oxidation products of BVOC such as a-pinene in the particle phase. These indications leave no doubt that particle mass was formed in the atmosphere from biogenic emissions of organic compounds.
[44] However, the presence of the forest stand also enhances particle deposition at the site, and thus particle removal from the atmosphere. Increased particle deposition is due to increased surface roughness above forest areas as compared to, e.g., grassland, and also effective removal through impaction and interception of particles on the needle surfaces.
[45] In summary, the eddy covariance particle flux measurements yield net deposition of particles making the forest a sink of particle number, while the evolution of the particle size distribution indicates particle formation and growth making the forest a source of particulate matter. Thus the net effect of the forest stand on particle mass remains unclear in this study. To further investigate this question, size-resolved measurements of particle number and mass fluxes are needed. Therefore innovative combinations of instruments and methods with the potential to derive chemical composition fluxes of the particulate phase [e.g., Held et al., 2003] are major tasks for future atmospheric boundary layer research. 
